Perturbation of the Staphylococcus aureus cytoplasmic membrane (CM) is felt to play a key role in the microbicidal mechanism of many antimicrobial peptides (APs). However, it is not established whether membrane permeabilization (MP) alone is sufficient to kill susceptible staphylococci or if the cell wall (CW) and/or intracellular targets contribute to AP-induced lethality. We hypothesized that the relationships between MP and killing may differ for distinct APs. In this study, we investigated the association between AP-induced MP and lethality in S. aureus whole cells versus CW-free protoplasts, and in comparison to the MP of liposomes modeled after whole CMs in terms of phospholipid composition, fluidity and charge. Four APs with different structure-activity relationships were examined: thrombin-induced platelet microbicidal protein 1 (tPMP-1), human neutrophil protein 1 (hNP-1), gramicidin D, and polymyxin B. 
Endogenous antimicrobial peptides (APs) are believed to play a major role in innate host defense against infection in species ranging from invertebrates to humans. Despite considerable variation in composition, structure, charge, and putative mechanism(s) of action, many APs appear to initially interact with and perturb microbial cytoplasmic membranes (CMs) (50) . Recent data have suggested that the microbial cell wall (CW) may also be involved in AP-induced microbicidal pathways (39) . However, the relative contributions of CM, CW, and other targets beyond these sites (e.g., intracellular targets [36, 45] ) in the lethal mechanisms of APs have not been clearly established.
Over the last decade, a number of target CM characteristics have been shown to impact the in vitro activity of APs against microbial cells, including fatty acid and phospholipid content, CM fluidity, and transmembrane potential (⌬) (1, 22, 24, (47) (48) (49) (50) . In addition, such parameters appear to influence AP activity in artificial model membrane systems (i.e., membrane vesicles and planar lipid bilayers) (5, 12, 16, 19, 24, 32) . Likewise, CW characteristics have been shown to affect AP susceptibility in selected organisms (e.g., Staphylococcus aureus (37) (38) (39) . However, few studies have investigated the relationship among the CM, CW, and microbicidal mechanisms of APs differing in structure and activity.
In the present study, we investigated AP-induced membrane permeabilization (MP) and killing in S. aureus whole cells versus CW-free protoplasts. In addition, liposomes were strategically designed to simulate the S. aureus CM. For these analyses, four different CM-targeting APs were selected on the basis of their diverse sources (mammalian, bacterial), structures, and putative mechanisms of action: thrombin-induced platelet microbicidal protein 1 (tPMP-1), human neutrophil peptide 1 (hNP-1), gramicidin D, and polymyxin B. The goals of this investigation were threefold: (i) to delineate the relationships between MP and killing among different APs, (ii) to characterize the CW contributions to AP-induced S. aureus killing, and (iii) to assess whether AP-induced MP in whole cells can be modeled in strategic liposomes. Our results indicated that distinct interrelationships exist between CM, CW, and killing of S. aureus by the individual APs studied. Moreover, use of whole cells, protoplasts, and liposomes provided complementary insights into AP-S. aureus interactions.
(This work was presented in part at the 104th General Meeting of the American Society for Microbiology in New Orleans, La., 2004 [abstr. A-111].)
MATERIALS AND METHODS
Bacterial strain. S. aureus 502A (methicillin susceptible) was obtained from the American Type Culture Collection (ATCC 27217). This strain is a wellcharacterized, tPMP-1-susceptible, and hNP-1-susceptible laboratory strain regularly used in the study of AP activity (22, 49) . This strain was cultured from Ϫ70°C storage onto 6.6% sheep blood agar plates (Clinical Standards Laboratory, Inc., Rancho Dominguez, CA). Cells were grown to mid-logarithmic phase in brain heart infusion (BHI) broth at 37°C with shaking (Difco Laboratories, Detroit, MI). Cells were then harvested by centrifugation, washed twice with phosphate-buffered saline (pH 7.2), sonicated briefly to ensure single cells, and then adjusted spectrophotometrically (optical density at 600 nm [OD 600 ]) to the final desired inoculum. All spectrophotometric approximations were verified by quantitative culturing.
Protoplast preparation. As previously described (1), bacterial cells were grown to mid-log phase, harvested by centrifugation, washed twice with phosphatebuffered saline buffer, and resuspended to a bacterial density of 10 9 CFU/ml. This suspension was pelleted by centrifugation (5,000 ϫ g for 15 min) and then resuspended in digestion buffer (20% [wt/vol] sucrose, 0.05 M Tris-HCl, 0.145 M NaCl, pH 7.6). The bacterial cell wall was then digested with lysostaphin (34 g/ml; Applied Microbiology, Tarrytown, NY) in the presence of DNase I (16 g/ml; Boehringer Mannheim, San Diego, CA) for 1 h at 37°C (1, 23) . Protoplasts were collected by centrifugation at 10,000 rpm for 15 min and resuspended in fresh sucrose-containing digestion buffer. The efficiency of cell wall digestion was confirmed by Gram staining. Protoplast preparations were then adjusted spectrophotometrically (OD 600 ) to the final desired inoculum and were stabilized in medium containing 20% (wt/vol) sucrose (23) and used within 24 h of preparation. Quantitative cultures of protoplasts were done on BHI plates containing 20% sucrose.
APs. The charge characteristics (at pH 7.0) and the comparative mode(s) of action of all APs are summarized in Tables 1 and 2. tPMP-1 is a 7.95-kDa cationic AP from rabbit platelets that is a structural and functional orthologue of human platelet factor 4 (47, 52) . tPMP-1 exhibits potent microbicidal activity against S. aureus (47), with little mammalian host cell cytotoxicity in vitro (48) . The mechanism of tPMP-1 activity appears to involve the initial MP of the microbial CM in a voltage-dependent manner (22) (23) (24) 49) , with subsequent intracellular targeting (45) . The purification quantification of tPMP-1 bioactivity is described in detail elsewhere (46, 47) .
hNP-1 is a 3.8-kDa cationic ␣-defensin AP from human neutrophil azurophilic granules that exhibits antimicrobial activity in vitro against S. aureus and many other bacteria (11, 41, 43) . Its broad in vitro antimicrobial activity (as well as its considerable host cell toxicity) has been attributed to its ability to nonselectively permeabilize diverse target CMs (30, 31) . hNP-1 causes the permeabilization and depolarization of target CMs after oligomeric assembly and pore formation (11, 30, 31, 49) . Purified hNP-1 was purchased from Peptide International (Louisville, KY).
Gramicidin D is a neutral, linear pentadecapeptide antibiotic produced by Bacillus brevis, which possesses mainly anti-gram-positive activity and considerable eukaryotic cytotoxicity (3) . Gramicidin D is a combination of several gramicidin species (A, B, and C) but is predominantly composed of gramicidin A (80 to 85%) (3) ( Tables 1 and 2 ). The lethal mechanism of gramicidin D is believed to involve CM permeabilization via the formation of monovalent, cation-specific channels (2, 3) . Gramicidin D was purchased from Sigma Chemicals (St. Louis, MO). Stock solutions were prepared in dimethyl sulfoxide, and final assay solutions were made in HEPES buffer as per the manufacturer's recommendations.
Polymyxin B is an amphiphilic antibiotic complex produced by Bacillus polymyxa, with activity against many gram-negative (but not gram-positive) bacteria (4, 40) . This AP binds to lipopolysaccharide and causes microbial killing by inducing rapid and selective phospholipid exchanges between the outer and inner CMs of gram-negative bacteria, which leads to osmotic instability (6, 7, 40) . Polymyxin B is generally inactive against gram-positive bacteria, as their cell walls have been postulated to prevent the access of drug to a putative CM target(s) (29, 40) . Polymyxin B (sulfate) was purchased from Sigma Chemicals (St. Louis, MO) and stock solutions prepared in HEPES buffer as per the manufacturers' recommendations.
In vitro AP susceptibility testing. The MICs of gramicidin D and polymyxin B against S. aureus strain 502A were determined in cation-supplemented MuellerHinton broth (Difco Laboratories, Detroit, MI) by a microdilution technique according to National Committee for Clinical Laboratory Standards guidelines, with a final S. aureus inoculum of 10 5 CFU/ml (34) . The MIC was defined as the lowest drug concentration preventing visible turbidity after 18 h of incubation at 37°C. For MP and killing assays with these two APs, fixed multiples of the MICs (1-to 10-fold) were used to encompass a likely bactericidal concentration (see below).
Standard MICs of tPMP-1 and hNP-1 are not routinely performed, since conventional nutrient media tends to mitigate the activity of these peptides. Thus, bactericidal assays were carried out only with these latter APs (see below). The concentrations of tPMP-1 (0.5 to 2 g/ml) and hNP-1 (5 to 20 g/ml) used in this study were selected to encompass a sublethal to lethal range as established in pilot studies.
Bactericidal activity of APs. S. aureus cells and protoplasts were diluted into the test AP solutions (HEPES buffer for gramicidin D and polymyxin B; Eagle's minimal essential medium, pH 7.4, for tPMP-1; and 10 mM potassium phosphate, pH 7.4, containing 1% BHI broth for hNP-1) to achieve a final inoculum of 10 6 CFU/ml and then incubated at 37°C for 60 min. At the indicated time point, samples were removed and processed for quantitative culturing to assess the extent of killing by each AP (as previously described in detail [22] ). The standard 24-h quantification assay was modified for protoplasts which were plated onto BHI plates containing 20% sucrose (48 h, 37°C). Controls for staphylocidal activity consisted of cells in appropriate buffer lacking AP but containing the appropriate amount of the respective AP diluent. The AP assay solution did not contain 20% sucrose. This lack of sucrose in the reaction mixture (1-h assay period) did not impact the viability of protoplasts. There were no decreases in protoplast counts in the absence of APs over the assay time period. Experiments were repeated independently at least three times on separate days. The mean (Ϯ standard deviation [SD]) surviving log 10 CFU/ml was plotted against different concentrations of AP.
MP of S. aureus whole cells and protoplasts by APs: calcein loading. MP of whole cells and protoplasts was detected via the release of a preloaded fluorescent probe, calcein. Calcein acetoxymethylester (calcein AM) is a nonfluorescent derivative of calcein that is lipid soluble and therefore can readily diffuse across CMs to load the bacterial cell (9, 15) . Once within the cytoplasm of bacterial cells, calcein AM is hydrolyzed by cytoplasmic esterases, yielding the fluorescent derivative calcein. Calcein (C 30 H 26 N 2 O 13 , molecular weight of 623) has excitation and emission wavelengths of 494 and 517 nm, respectively.
The methods for preparation of calcein AM and whole-cell loading have been described previously (25) . The only modification in the present study was utilization of a 20% sucrose-HEPES buffer solution for maintaining protoplast stability during the calcein loading. Then calcein-loaded S. aureus whole cells or protoplasts were diluted into the test AP solutions described above (final inoculum, 10 6 CFU/ml) and incubated at 37°C for 60 min. As pointed out above, the test AP solution did not contain 20% sucrose. At the same sampling times used (18) . Controls for MP consisted of cells and protoplasts in appropriate buffer lacking AP but containing the relevant AP diluent. For whole cells and protoplasts, MP (%) was defined as the absolute percent calcein leakage by APs with respect to calcein-loaded, AP-untreated cells (25) . Each experiment included a concomitant quantitative culture to ensure that calcein loading did not alter S. aureus susceptibility to the APs. Experiments were repeated independently at least three times on separate days.
Assessment of liposomal permeabilization. (i) Liposome preparation. The S. aureus CM contains three major phospholipids species: negatively charged phosphatidylglycerol (PG) and cardiolipin (CL) and positively charged lysyl-PG (LPG) (37) . For formulating model liposomes, synthetic 1,2-dipalmitoyl-snglycero-3-phosphoglycerol (sodium salt; DPPG) and CL were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Since LPG is not commercially available due to its instability, we used synthetic octadecylamine (stearylamine [SA]), a positively charged lipid (Sigma Chemicals, St. Louis, Mo.). Stable liposomes containing the following phospholipids (in molar ratio) were formulated for use in this study: DPPG:CL (20:1), SA:DPPG:CL (1:9:2), and SA:DPPG:CL (1:4:1).
(ii) Calcein loading. Liposomes loaded with calcein (50 mM) were prepared via a modification of the whole-cell protocol given above. Phospholipids (in chloroform; total, 20 mg) were dried under a stream of N 2 (ϳ15 min), followed by desiccation overnight. The lipid film was hydrated with 2 ml HEPES buffer containing 9% (wt/vol) sucrose and 50 mM calcein (10 min, 65°C; final phospholipid concentration, 10 mg/ml), and then sonicated (5 min, model 450; Branson Ultrasonics Corporation, Danbury, CT). Calcein-encapsulated liposomes were then separated from free calcein using a 10 DG chromatography column (30 ϫ 10 ml; Bio-Rad Laboratories, Hercules, CA). Liposomes were sized using a Microtrac ultrafine particle analyzer (model 150; Leeds and Northrup, North Wales, PA), and mean diameters were found to be consistently less than 0.2 m.
(iii) Permeabilization assay. At concentrations of Ͼ20 mM, calcein fluorescence is self-quenching, i.e., the fluorescence emitted by calcein is reabsorbed by the fluorophore, and thus, the net fluorescence detected is minimal. Therefore, intact liposomes prepared in the present study (encapsulating 50 mM calcein) emit relatively low levels of fluorescence. However, permeabilization of liposomes by APs causes the leakage and dilution of calcein into the buffer supernatant, resulting in an increase in total supernatant fluorescence. Thus, in contrast to the assay for whole S. aureus cells and protoplasts, liposome permeabilization was detected by an increase in fluorescence over time. Liposomes were diluted 20-fold into HEPES buffer, and stock AP solutions were added to the liposomal suspension at the concentrations described above for the whole cell or protoplasts studies. Fluorescence of the liposomal reaction mixture was monitored via fluorometry immediately prior to AP addition and 60 min after AP addition. At the end of each experiment, Triton X-100 (0.5% [vol/vol]) was added to completely release any residually entrapped calcein from the liposomes. The percentage of calcein leakage was then calculated using the following formula: calcein leakage (%) ϭ [(F -F 0 )/(F t -F 0 )] ϫ 100, where F is the fluorescence intensity of AP-treated liposomes, F 0 is the fluorescence intensity of control liposomes, and F t is the fluorescence intensity after the addition of Triton X-100 (42) .
Determination of phospholipids profiles. The three major phospholipid species PG, CL, and LPG were quantitatively compared in S. aureus whole cells versus protoplasts. Lipids were extracted, evaporated to dryness, and stored by standard techniques, as previously detailed (10) . Individual phospholipids were separated by two-dimensional thin-layer chromatography (2D-TLC) using Silica 60 F 254 high-pressure TLC plates (Merck, Darmstadt, Germany) and subsequently developed as detailed elsewhere (8, 17) . LPG was specifically identified by ninhydrin staining (37) . Other phospholipids were visualized by exposure of the TLC plate to iodine vapor. PG and CL were purchased from Avanti Polar Lipids, Inc., and used as standards to determine the positions of their spots in 2D-TLC.
For quantitative analysis, isolated phospholipids were individually recovered from TLC plates and digested at 180°C for 3 h with 0.3 ml of 70% perchloric acid. The digested samples were incubated with colorometric reagent (10% ascorbic acid, 2.5% ammonium molybdate, 5% perchloric acid [1:1:8, vol/vol/vol]) for 2 h at 37°C and quantified spectrophotometrically at OD 660 . The content of each phospholipid species was expressed as a percentage of total phospholipid content.
CM fluidity measurement. CM fluidity of whole cells, protoplasts, and liposomes was determined by fluorescence polarization using the fluoresecent probe 1,6-diphenyl-1,3,5-hexatriene (DPH) as described earlier (1) . DPH is a probe that localizes in the hydrophobic core of the lipid bilayer and is highly fluorescent when bound therein. The protocol for DPH incorporation into target CMs, the measurement of fluorescence polarization, and calculation of the degree of fluorescence polarization (p) is described in detail elsewhere (Biotek model SFM 25 spectrofluorometer with excitation and emission wavelengths of 360 and 426 nm, respectively) (1). The lower the p value, the higher the degree of membrane fluidity (1) .
Statistical analyses. Linear regression analysis was performed to compare the relationship between AP-induced MP (percentage of calcein leakage) and killing of whole cells (Ϫ⌬log 10 CFU/ml) using Microsoft Excel software's statistical program. Correlation coefficients (r 2 s) of Ն0.5 were considered significant at the PϽ0.05 level. Kruskal-Wallis analysis of variance was used to compare membrane fluidity among whole cells, protoplasts, and liposomes. P values of Ͻ0.05 were considered significant (Epistat).
RESULTS
In vitro susceptibility. The MICs of gramicidin D and polymyxin B against S. aureus 502A were 4 and 32 g/ml, respectively.
Staphylocidal activity and MP of APs against whole cells (Fig. 1A and B) . The comparative staphylocidal effects of the study APs are presented in Fig. 1A . hNP-1, tPMP-1, and gramicidin D exhibited concentration-dependent S. aureus killing, with gramicidin D exerting the greatest extent of killing. Figure  1B shows the time-dependent S. aureus killing for tPMP-1 and gramicidin D for all the concentrations studied. Similar timedependent killing was also observed for hNP-1 (data not shown). As anticipated, polymyxin B exerted no microbicidal activity against S. aureus whole cells.
In parallel with their staphylocidal profiles, hNP-1, tPMP-1, and gramicidin D also exerted concentration-dependent MP of S. aureus (Fig. 1C) . Moreover, all three APs also demonstrated time-dependent MP of S. aureus whole cells at all concentrations studied ( Fig. 1D ; data for hNP-1 not shown). Polymyxin B caused no MP (Fig. 1C) .
To further characterize the relationship between MP and the staphylocidal activity of APs, regression analyses were performed comparing these parameters (Fig. 1E) . For all APs except polymyxin B, a significant and positive correlation existed between whole-cell killing and MP (r 2 Ͼ 0.8; P Ͻ 0.05).
Staphylocidal activity and MP of APs against protoplasts.
The staphylocidal effects of the study APs against protoplasts are presented in Fig. 2A . In contrast to their efficacies against whole cells, neither hNP-1 nor tPMP-1 exerted microbicidal activity against S. aureus protoplasts at any tested concentration. By comparison, gramicidin D and polymyxin B exerted minimal bactericidal effects against protoplasts. Paralleling the overall lack of AP-induced staphylocidal activity, protoplasts were relatively resistant to MP by all APs (Fig. 2B) .
Phospholipid composition of whole cells and protoplasts. The relationships between CM phospholipid composition and relative susceptibility to AP-induced killing and/or MP are shown in Fig. 3A . Whole cells and protoplasts displayed differences in their relative phospholipid content. For example, whole cells contained an average of 67% PG compared with 48% for the protoplasts, while the CL content of the protoplasts was approximately twice that seen in whole cells (19% versus 9%, respectively). The LPG content was also relatively higher in protoplasts than that in whole cells (30% versus 20%, respectively).
CM fluidity. Protoplasts exhibited significantly higher fluorescence polarization (p) values than whole cells (Fig. 3B) , indicating that their CMs are notably less fluid (i.e., more rigid) than those of whole cells (P Ͻ 0.005).
Liposomal permeabilization by APs. Liposomes exhibited Ͻ 5% spontaneous permeabilization in the absence of AP exposures (Fig. 4A through C somes. In contrast, for polymyxin B, there was a decreasing extent of MP as liposomes became more positively charged. Fluidity of liposomal membranes. In comparing the three liposomal model membranes, the PG:CL liposomes were the least fluid (i.e., the most rigid) (Fig. 3C) . With increasing proportions of the positively charged species SA, liposomal membranes became progressively more fluid, reaching fluidity profiles similar to those of intact whole cells. There were significant differences in the extents of fluidity in comparing each of the three liposomal formulations (P Ͻ 0.05).
DISCUSSION
The mechanisms of AP action are mulitfactorial, and the relationships among MP, CM characteristics, the role of the CW, and the lethal pathways of APs have been difficult to define. Prior studies have implicated the microbial CM as an initial target for AP-induced killing (1, 25, 31, 49, 52) . Thus, AP-induced perturbation of the CM, either by defined membrane poration or diffuse membrane permeabilization, has been felt to be required and sufficient to induce eventual microbial killing (25, 43, 49) . However, recent investigations have also implicated intracellular targets and the autolytic enzyme system as participants in AP-induced lethal pathways (36, 39, 44, 45, 51) . Moreover, several recent studies have documented that the composition of the CM or CW, as well as the overall microbial surface charge of certain pathogens (e.g., S. aureus), significantly influences the net antimicrobial activity of cationic APs (26, 28, 37, 38) .
The present study was conducted to gain further insights into the relationships between AP-induced CM events, overall cell envelope properties, and killing of S. aureus. To do so, we examined MP, the presence or absence of the CW, CM fluidity, and phospholipid profiles in whole S. aureus cells versus CWfree protoplasts. We also studied model liposomes, formulated with a range of phospholipids to reflect the intact organism's CM properties. Understanding such interrelationships could delineate the relative contributions of CW or CM properties to the net lethal effects of diverse APs.
The panel of APs used in the current investigation was selected on the basis of their diverse sources, structures, antimicrobial spectra, and putative mechanisms of action. Of these, hNP-1 is perhaps the best characterized of the endogenous APs, particularly regarding structure-function correlations. Previous evidence indicates that formation of ⌬-independent pores, with subsequent disruption of CM integrity and energetics, is critical for hNP-1 activity (31, 49) . In contrast, tPMP-1 appears to initiate its staphylocidal pathway by permeabilizing the CM, without global depolarization, in a ⌬-dependent manner, followed by the inhibition of intracellular targets (23, 24, 45, 49) . Of note, increases in either the cell wall techoic acid alanylation or CM PG lysinylation of S. aureus cells (yielding a net increase in positive charge) correlate with reduced susceptibility to hNP-1 (37, 38) and tPMP-1 (Bayer et al., unpublished) in selected strains. Also, modifications of the fatty acid profile in the S. aureus CM appear to mitigate tPMP-1-induced permeabilization and killing (e.g., via altering CM fluidity characteristics) (1, 22, 49) .
Several interesting observations emerged from our current studies related to hNP-1 and tPMP-1. Both APs killed and permeabilized whole S. aureus cells in a concentration-and time-dependent manner. These results parallel those in prior studies of whole-cell killing versus membrane permeabilization, using an S. aureus isogenic strain pair of genetic lineage distinct from SA 502A, which differed in their intrinsic tPMP-1 susceptibility profile (23, 25) . In contrast, neither AP had activity against protoplasts, suggesting that the CW may contribute to the net lethal mechanisms of these APs. Since protoplasts grow and perform physiologic functions similar to whole cells (13, 14, 35) , we investigated potential reasons for the disparity in AP efficiency against protoplasts. Two key differences between whole cells and protoplasts that correlated with these findings were identified: (i) protoplast CMs contained substantially more CL and LPG than whole cells and (ii) protoplast CMs were less fluid (more rigid) than those of whole cells. It is highly likely that these two latter observations are interrelated with protoplast resistance to AP killing. Previous studies of S. aureus and other bacterial protoplasts, as well as yeast mitochondria, confirmed the capacity of CL to stabilize on September 7, 2017 by guest http://aac.asm.org/ spherical CM bilayers and preserve their osmotic stability (13, 14, 27, 33, 35) . In addition to its CM-stabilizing property, CL has been ascribed a proton reservoir function, altering the CM ⌬⌿ (20) . Thus, increases in CL content could potentially reduce the ⌬⌿ of protoplast CMs, negatively impacting ⌬⌿-dependent lethal events for selected APs (22) . Moreover, increased LPG content in the CM could contribute to an increase in net surface-positive charge and a repulsive effect against cationic APs (37) . We utilized liposomes differing in composition and biophysical properties to model AP-induced CM events in intact S. aureus cells. Distinct liposomes responded to APs in substantially different manners, depending on their CM properties. For example, addition of the positively charged phospholipid species stearylamine to PG and CL achieved a model liposome that paralleled the overall phospholipid composition and membrane fluidity properties of the whole S. aureus cell used in this study. Unexpectedly, such S. aureus-like liposomes exhibited an increased capacity to be permeabilized by tPMP-1 and hNP-1, compared to liposomes lacking positively charged phospholipids. Current pagadigms would predict that increasing the content of positively charged phospholipid species in the CM would increase its relative positive charge and adversely impact cationic AP-induced CM effects. The outcomes of our liposomal studies underscore the importance of phospholipid distribution, as well as overall content, within the target CM, relative to AP activities (21) . Moreover, as noted above, the impact of an intact CW on AP-induced events cannot be underestimated.
Interactions of gramicidin D with target CMs exhibited both similarities and differences compared to hNP-1 and tPMP-1. This AP killed S. aureus cells in a time-and concentrationdependent manner (similar to prior data from our laboratory utilizing other S. aureus strains [25] ) and had little activity against protoplasts, similar to hNP-1 and tPMP-1. However, in contrast to hNP-1 and tPMP-1, the two highest concentrations of gramicidin D only permeabilized 60 to 70% of whole S. aureus cells, despite complete staphylococcal killing. These data suggest that gramicidin D-induced MP may be required but is not sufficient to induce lethality. Moreover, gramicidin D was not able to permeabilize PG:CL liposomes, supporting the concept that it interacts with target CMs in a manner distinct from hNP-1 and tPMP-1. The lack of polymyxin B activity against gram-positive bacteria is believed to relate to the absence of target lipopolysaccharides in their cell envelope, as well as the physical barrier posed by cell walls in accessing the CM target (29, 40) . Our combined use of whole cells, protoplasts, and liposomal models in the present study provided insights into these hypotheses. As expected, polymyxin B did not induce significant MP or staphylocidal activity in whole S. aureus cells, even at large multiples above its MIC. In contrast, PG:CL liposomes were rapidly and completely permeabilized by polymyxin B. These data likely reflect the inability of polymyxin B to access the target cytoplasmic membrane of whole cells due to the complex staphylococcal cell wall (29, 40) . Of note, PG:CL:SA liposomes were also permeabilized in a concentration-dependent manner, albeit to a lesser extent than PG:CL liposomes. The inverse relationship between polymyxin B-induced liposomal MP with increasing amounts of positively charged phos- pholipids suggests that the interaction of polymyxin B with target CMs of S. aureus is more related to electrostatic affinity than in the other APs tested. These hypotheses are being addressed in ongoing liposomal modeling in our laboratories. Collectively, these findings support the following conclusions. (i) MP is an important event in the staphylocidal effects of many APs, although the requirement and scope of this effect may vary among distinct APs. Moreover, there may be a threshold extent of MP that is required to initiate the APinduced lethal pathway. (ii) The presence of the CW likely impacts AP-induced lethality, potentially by acting as a mechanical barrier or electrostatic (repulsive) shield against AP access of the CM and/or via feedback effects that influence the composition or function of the CM; in contrast, certain APs (e.g., nisin) may exploit selected CW components as a secondary target in their lethal mechanism (39) . (iii) Finally, in the absence of the CW (as in protoplasts), the CM can adaptively respond, in order to resist AP-induced killing, by changing its CM composition and biophysical properties; such adaptations may have potential in vivo relevance, for example, in circumstances where treatment with cell wall-active antibiotics may induce protoplast formation. Model liposomes may be valuable tools to investigate AP:CM interactions because of their versatility in representing individual or multiple CM parameters that may impact AP activity, such as phospholipid or fatty acid content, surface charge, or membrane fluidity. 
